An alkaline serine-proteinase from Bacillus sp. PN51 isolated from bat feces collected in Phang Nga, Thailand, was purified and characterized. The molecular mass was estimated to be 35.0 kDa. The N-terminal 25 amino acid sequence was about 70% identical with that of Natrialba magadii halolysin-like extracellular serine protease. The enzyme showed the highest proteinase activity at 60 C at pH 10.0. The activity was strongly inhibited by PMSF and chymostatin. The proteinase activity was not affected by the presence of 2% urea, 2% H 2 O 2 , 12% SDS, 15% triton X-100, or 15% tween 80. The proteinase preferred Met, Leu, Phe, and Tyr residues at the P 1 position, in descending order. The k cat , K m and k cat /K m values for Z-Val-Lys-Met-MCA were 16:8 AE 0:14 min À1 , 5:1 AE 0:28 M, and 3:3 AE 0:28 M À1 min À1 respectively. This is the first report of an alkaline serine-proteinase with extremely high stability against detergents such as SDS.
Microorganisms produce various extracellular proteinases, and some of them are used in industrial fields, including food processing, and in commercial washing powders. 1) Alkaline serine-proteinases from bacteria are the most important industrial enzymes, and they contribute about 60% of the total world enzyme market. [2] [3] [4] They are active and stable under alkaline conditions and in the presence of detergents. 5) Thus, screening of bacteria that grow in alkaline habitats or other extreme environments can yield useful alkaline proteinase enzymes. Bat feces obtained from inside a limestone cave may be a good source of alkaline proteinaseproducing bacteria. To our knowledge, there are no previous reports on alkaline proteinase-producing bacteria isolated from bat feces.
In this study, a proteolytic bacterium, PN51 was isolated and identified as Bacillus sp. PN51. An extracellular alkaline proteinase was purified and characterized. One of the unique properties of this alkaline serine-proteinase is its high stability against detergents thus indicating a possible use as a detergent additive.
Materials and Methods
Materials. Casein was purchased from Research Organics (Ohio, USA). DEAE-cellulose DE52 was from Whatman (Maidstone, England). Mono Q HR 5/5 was from Phamarcia Biotech (Uppsala, Sweden). Proteinase K (P-6556) from Sigma (St. Louis, MO USA). All media and chemicals were of analytical grades.
Screening. A total of 50 samples of bat feces were collected from the Wat Suwankuha cave, Phang Nga, Thailand. Nutrient agar (NA) plates containing 1% skim milk at pH 8.0 were used in screening for extracellular proteinase producing bacteria.
Cultivation of bacteria. Tryptic Soy medium from Difco (NJ, USA) was used in cultivating the bacteria. A 21-ml tube containing 5 ml of Tryptic Soy Broth (TSB) was inoculated with 0.5% v/v of the bacterial culture and this was incubated on a reciprocal shaker at 35 C for 24 h. The culture was then transferred to Lee's medium 6) containing 2.0% glucose, 2.0% soybean meal, 0.04% CaCl 2 and 0.02% MgCl 2 for production of the proteinase. The culture was shaken on a reciprocal shaker at 35 C for 24 h. The culture broth was centrifuged at 12,000 rpm for 5 min. The supernatant was used to determine extracellular proteinase activity.
Proteinase assay. Proteinase activity was measured by a modified Folin-Ciocalteau assay. 7) Each assay was conducted in triplicate. Casein was dissolved in 0.1 M Tris-HCl buffer at pH 8.0. The reaction mixture was incubated at 35 C for 60 min. One unit of enzyme activity was defined as the amount of enzyme that liberates 1 mg of tyrosine per ml of the reaction mixture per min.
Identification of bacteria. Some taxonomic characteristics of PN51 were determined according to information in Bergey's Manual of Systematic Bacteriology: 8) Gram staining, cell shape, production of endospores, motility, catalase production, NaCl, and KCl requirement, and growth at acidic and alkaline pH values and various temperatures.
16S rDNA sequence analysis. Strain PN51 was cultivated in nutrient broth under aerobic conditions at 35 C for 12 h. Genomic DNA was extracted by the standard method, 9) and then 16S rDNA was amplified using GeneAmp PCR System 9600. Universal bacterial 16S rDNA primers were used; the F-primer was 5 0 -tggagagtttgatcctggctcag-3 0 and the R-primer was 5 0 -taccgcggctgctggcacgtag-3 0 . The PCR product size was 1.3 kb. Partial DNA sequencing was performed starting from the 520 bp region. The amplified DNA was sequenced using the ABI 377 DNA Sequencer. The BLAST program from the NCBI database 10) was used to identify the bacteria most closely related to the PN51 16S rDNA.
Devising optimum culture conditions for proteinase production. TSB medium was used for normal growth and for inoculation of the media for subsequent experiments. Lee's medium or modified Lee's medium was used in proteinase production by strain PN51. In each case, the proteinase activity was measured from three replications after cultivation for 24 h. Unless otherwise stated, the PN51 inoculum for each different condition was prepared from a culture of PN51 grown for 24 h in TSB at 35 C on a reciprocal shaker. The effects of various glucose, peptone, and yeast extract concentrations, pH, the speed of the reciprocal shaker, temperature, inoculum-size, and time course of proteinase production were studied. They were as follows: glucose, 0. Enzyme purification. All purification steps were carried out at 4 C, except for Mono Q FPLC (Fast Protein Liquid Chromatography), which was carried out at 25 C. The purification steps were ammonium sulfate precipitation, DEAE-cellulose DE52, and Mono Q FPLC.
Step 1, Ammonium sulfate precipitation. Ammonium sulfate was added to the culture supernatant to 20% saturation and this was stirred for 3 h in a cold room. The supernatant was separated by centrifugation. Ammonium sulfate was then added to 80% saturation and stirred overnight in a cold room. The resulting precipitate was separated by centrifugation and then dissolved in a 1/10-1/20 volume of 10 mM Tris-HCl at pH 8.0, followed by dialysis against the same buffer.
Step 2, Anion exchange chromatography. A DEAE-cellulose DE52 column was equilibrated with 10 mM Tris-HCl buffer at pH 8.0. The sample was then loaded, and the column washed with 5 volumes of the buffer at a flow rate of 1.0 ml min À1 . Proteinase was eluted with a linear gradient of NaCl from 0 to 1.0 M NaCl. The active fractions (3 ml each) were pooled and then dialyzed against the same buffer.
Step 3, Mono Q column chromatography. A Mono Q column was connected to a FPLC system and equilibrated with 10 mM of Tris-HCl buffer at pH 8.0 containing 10 mM of CaCl 2 . Active proteinase fractions from DEAE-cellulose DE52 column chromatography were loaded. A linear gradient of 0-1 M NaCl was used for elution of the proteinase. The active fractions (0.5 ml each) were pooled and concentrated using Centricon YM-30. The purity of the enzyme was checked by SDS-PAGE.
Protein determination. Protein concentrations following the chromatography systems were measured with an UV detector at an absorbance of 280 nm, and the protein concentration of the purified enzyme was determined using bicinchonic acid (BCA), with bovine serum albumin as the protein standard.
Molecular weight and amino-terminal sequence analysis. The purified enzyme was loaded onto a 12.5% polyacrylamide gel by the method of Laemmli.
11) The gel was stained with Coomassie Brilliant Blue R-250 to observe the protein bands. A comparison of the electrophoretic mobility of the purified protein with that of marker proteins (Bio-Rad, Boston, USA) was used to determine the molecular mass of the purified enzyme.
The purified proteinase was separated on 12.5% SDS-PAGE. The protein was then transferred using a protein-blotting technique 12) with a polyvinylidene difluoride (PVDF) membrane. The membrane was inserted into the cartridge of an automated amino acid sequencer. Edman degradation was used as a method of sequencing the amino acids, and the program BLAST 10) was used for sequence analysis.
Characterization of enzyme. Optimal pH and temperature. A casein solution was prepared in various buffers: 10 mM of citrate-phosphate buffer (pH 6), Tris-HCl buffer (pH 7-9), and glycine-NaOH buffer (pH [10] [11] [12] . The proteinase activity of the purified enzyme was measured at each pH, at a temperature of 35 C for 60 min was used to determine the optimal pH. To determine the optimal temperature, a proteinase assay of the purified enzyme was carried out at a pH of 10.0 with the temperature set at each temperature for a period of 60 min.
pH and thermal stability. The pH of the purified enzyme was adjusted to various pH values with 0.1 N NaCl or 0.1 N HCl. The enzyme was incubated at 4 C for 20 h. Residual proteinase activity was measured at pH 10 at 35 C for 1 h in order to determine its pH stability. The purified enzyme was incubated at pH 10 and temperatures for 1 h. A residual proteinase assay was done at pH 10 at 35 C for 1 h to determine thermal stability.
Effects of inhibitors. In order to identify the type of proteinase, two combinations of proteinase inhibitors were used: (i) Serine proteinase inhibitors-PMSF (phenylmethanesulfonylfluoride), TLCK (N-tosyl-Llysine chloromethyl ketone), TPCK (L-p-tosylamide-2-phenylethyl chloromethyl ketone), chymostatin, leupeptin and elastatinal; and (ii) metalloproteinase inhibitors-EDTA and 1,10-phenanthroline. The enzyme and inhibitor were mixed, and then incubated at 30 C for 1 h. The proteinase activity was then measured at pH 10 at 35 C for 1 h. The average results for three replicates are reported.
Effects of denaturing agents. The enzyme and proteinase K (as the reference proteinase) were incubated in the presence of urea, hydrogen peroxide, and surfactants at varying concentrations at 35 C for 1 h. The residual proteinase activity was assayed at pH 10 for proteinase of PN51, and at pH 8.0 for proteinase K. Both of them were incubated at 35
C for 1 h, and the average results for three replicates are recorded.
Analysis of substrate specificity using FRETS-25Xaa-libraries. Substrate specificity was determined using FRET-25Xaa-libraries, and cleavage products were confirmed by LC-MS, as described in a previous report. 13) Kinetic analysis. Based on the preference of the enzyme for the amino acid residues at the P 1 , P 2 , and P 3 positions, the substrate, Z-Val-Lys-Met-MCA (hydrochloride form), was used in the kinetic study, as described in a previous report. 13) A Lineweaver-Burk plot was used for kinetic analysis.
Results

Screening
Agar plate proteinase assay was carried out to screen bacteria from samples of bat feces that produced proteinase. Among the 75 isolates, one strain PN51 (Phang Nga 51), gave the highest observed proteinase activity, and this was used in further studies.
Identification of the bacteria
The taxonomic characteristics of PN51 indicated that it had characteristics similar to those of Bacillus sp. (Gram staining, shape of cells, endospore production, catalase test, etc.) ( Table 1) . 16S rDNA sequence analysis of the PN51 revealed that it had high similarity to the following five rDNA sequences of bacterial strains: 100% to that of Bacillus sp. CNJ904 PL04 (DQ448797), 96.5% to that of Bacterium str. 47083 (AF227837), 90.2% to those of Bacillus sp. CNJ815 PL04 (DQ448747) and Bacterium JL-74 (AY745842), and 84.7% to that of Bacillus sp. P01 (AY964602) ( Table 2) . Hence, strain PN51 was tentatively named Bacillus sp. PN51.
Culture conditions for proteinase production
The effects of varying glucose, peptone, and yeast extract concentrations, pH levels, speed of shaking, temperature, and inoculum size on proteinase production were studied for Bacillus sp. PN51. The highest enzyme production was obtained under the following conditions: modified Lee's medium containing 0.4% glucose, 1.0% peptone, 0.5% yeast extract, 0.04% CaCl 2 , and 0.02% MgCl 2 ; pH 8.0; agitation at 180 rpm; 35 C; and inoculum size, 0.5-0.7%. As shown in Fig. 1 , Bacillus sp. PN51 produced the highest proteinase production after cultivation for 22 h under the above conditions.
Enzyme purification
The enzyme precipitated from 1.9 liter of culture filtrate obtained after 22 h of growth in modified Lee's medium by ammonium sulfate at 20-80% saturation was dialyzed and loaded onto a DEAE-cellulose DE52 column. Proteinase activity was detected in the first protein peak of the elution profile (data not shown). The active fractions were pooled and then loaded onto a Mono Q anion-exchange column. The active fractions were then eluted at 0.3-0.67 M NaCl (Fig. 2) . The most active fraction eluted at an elution time of 48.05 min, had proteinase activity and produced a single band on SDS-PAGE (Fig. 3) . As summarized in Table 3 , 12 mg of the purified enzyme was obtained from 1.9 liters of the culture supernatant with a yield of 2.5% proteinase activity, and 27.8-fold purification. 
Molecular mass and amino-terminal sequence analysis
The molecular mass of the purified enzyme was estimated to be 35 kDa by SDS-PAGE (Fig. 3) . The amino-terminal 25 amino acid sequence of the enzyme was similar to other bacterial proteinases: the halolysin precursor from Natrialba asiatica (72%), a halolysinlike extracellular serine protease from Natrialba magadii (72%) and serine protease halolysin R4 from Haloferax mediterranei (60%) (Fig. 4) .
Characteristics of the enzyme
The effects of pH and temperature on the activity of purified enzyme and its stability were examined. The enzyme had a maximum activity at pH 10 ( Fig. 5A ) at 60 C (Fig. 5B) . It was stable in a pH range from 8 to 9.3 for up to 20 h (Fig. 5C) , and for up to 55 C at pH 10 for 1 h (Fig. 5D) , and more than 90% of the original activities were retained.
Effects of inhibitors and detergents
The proteinase was strongly inhibited by PMSF and chymostatin, which are serine proteinase and chymotrypsin inhibitors respectively. The enzyme was slightly inhibited by elastatinal and by leupeptin. Other serine proteinase inhibitors including TLCK, TPCK, and metalloproteinase inhibitors, had no effects ( Table 4) .
The PN51 proteinase was not affected by 2% urea, 2% H 2 O 2 , 12% SDS, 15% Triton X-100, or 15% Tween 80, but was inhibited by 5% urea and by 5% H 2 O 2 , and only 5 and 10% of its original activity respectively was retained (Table 5) . Proteinase K (P6556) from Tritirachium album limber was not significantly inhibited by 5% urea or 5% H 2 O 2 but it was much more sensitive to SDS, Triton X-100 and Tween 80. Proteinase K retained only 3% activity with 1% SDS, and was completely inhibited by 15% Triton X-100 and Tween 80 (Table 5) . A, optimal pH; B, optimal temperature; C, pH stability; D, thermal stability.
Substrate specificity
In order to determine the preference at the P 1 position, FRET-25Xaa-libraries (a total of 475 peptide substrates) were used. The proteinase preferred Met, Leu, Phe, and Tyr residues at the P 1 position, in descending order (Fig. 6A) .
FRET-25M was used for the secondary screening of the P 2 and P 3 positions. As shown in Fig. 6B , the proteinase had the P 2 preference for Ile and Lys, and the P 3 preference for Arg, Phe, and Val.
Kinetic analysis Based on the results described above, the substrate, Z-Val-Lys-Met-MCA, was used in kinetic studies. The kinetic values of the enzyme for the substrate were as follows: k cat , 16:8 AE 0:14 min À1 ; K m , 5:1 AE 0:28 mM; and k cat /K m , 3:3 AE 0:28 mM À1 min À1 as analysed by Lineweaver-Burk plot (Fig. 7) .
Discussion
The isolate PN51 that gave the highest proteinase activity belonged to the genus Bacillus sp. based on its taxonomic characteristics and 16S rDNA sequence analysis. Its 16S rDNA sequence analysis showed 100% identity to that of Bacillus sp. CNJ904 PL04, previously isolated from tropical marine sediments. 14) However, there have been no previous reports that Bacillus sp. CNJ904 PL04 produces an alkaline proteinase. Compared with most alkalophilic microorganisms, such as Bacillus firmus and Exiguobacterium auranticum, Bacillus sp. PN51 did not require NaCl for growth. The modified Lee's medium that allowed Bacillus sp. PN51 to produce the highest amount of enzyme contained 0.4% glucose, 1.0% peptone, 0.5% yeast extract, 0.04% CaCl 2 , and 0.02% MgCl 2 , and this is different from the Lee's medium that was used for Bacillus licheniformis 6) to produce alkaline proteinase. This contained 2.0% glucose, 2.0% soybean meal, 0.04% CaCl 2 , and 0.02% MgCl 2 . Extracellular proteinase production by Bacillus sp. PN51 was growthassociated up to 22 h (Fig. 1) . A, Primary screening of the P 1 preference (the favored Xaa) using FRETS-25Xaa; B, Secondary screening of the P 2 and P 3 preferences using FRETS-25M, , 5% for full cleavage; , 10% for full cleavage; , 15% for full cleavage. Purification of the enzyme was achieved by a threestep procedure, but recovery was very low. Most of the activity was lost in the first ammonium sulfate fractionation step (Table 3) . It might be advantageous to use different purification steps for a non-binding proteinase inhibitor. The enzyme activity was completely inhibited by a serine proteinase inhibitor, PMSF (1 mM), and by a chymotrypsin inhibitor, chymostatin (0.1 mM), indicating that this proteinase from Bacillus sp. PN51 is an alkaline serine proteinase.
In general, proteinases from alkalophilic bacteria have a high pH optimum, a broad pH activity spectrum (pH 8-12), a high temperature optimum (60-65 C), and high temperature stability.
16) The proteinase from Bacillus sp. PN51 had similar properties.
The Bacillus sp. PN51 proteinase was not affected by 12% SDS, a strong anionic detergent, 15% Triton X-100, or Tween 80, these last two nonionic surfactants. In contrast, the proteinase K (P-6556, Sigma) was inhibited 97% by 1% SDS and was totally inactive in 15% Tween 80 and in Triton X-100 (Table 5 ). The proteinase of Bacillus sp. PN51 was not affected by 2% or 0.33 M urea, or by 2% H 2 O 2 , whereas proteinase K was not affected by 5% or 0.8 M urea, 1% H 2 O 2 , or 1% Triton X-100 (Table 5 ). There have been reports that the proteinase K from Tritirachium album Limber retained its activity in the presence of a lower percentage of anionic detergent (0.5-1.0% SDS 17) or 0.5% SDS 18) ), and nonionic surfactant (1% Triton X-100).
18) Proteinase K was active in the presence of 4 M urea and of 5% Tween 20. 19) In addition, a chymotrypsin-like serine protease from seeds of Solanum dubium Fresen retained activity in the presence of 7.0 M urea and was inhibited 30% by 2% SDS. 20) Therefore the Bacillus sp. PN51 proteinase is more suitable for use in the presence of anionic and nonionic detergents than proteinase K or a chymotrypsin-like serine protease from the seeds of Solanum dubium Fresen.
The substrate specificity of Bacillus sp. PN51 proteinase was closely related to those of the following proteinases: a chymotrypsin-type serine proteinase from a fungus, Beauveria bassiana, that grows naturally in soils, indicating a preference for MeOSuc-Ala-Ala-ProMet-pNA, 21) and a serine proteinase from a halophilic bacterium, Filobacillus sp. RF2-5. 22) In summary, the characteristics of the Bacillus sp. PN51 alkaline proteinase indicate that it is a suitable choice for use as a detergent additive due to its stability in the presence of denaturing agents, a broad pH optimum, and its temperature activity spectrum.
